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1. Introduction* 


Recent rtce.t yorsares by the OPEC be and growing concern over 
the Bepletion of bey reeadoraes rarewe rome ea consuming nations to consider 
the development and erieiae of substitutes for conventional resources. Al- 
though the long term benefits from pursuing an R&D policy are recognized, 
there is fe eoasansus a the Speed at which a development program should 
proceed.! fecelerated caveigament: While setting a lid on prices after the 
Meets becomes available, may encourage the cartel to raise prices 
prior to this, and thus partially dissipate the benefits from the R&D pro- 
gram. The incentive to accelerate the program is also related be the 
increased fosts of doing so. Another consideration is the Bee cie of 


the substitute. Government policies making the substitute cheaper or 


more expensive to the consumer may also affect cartel supply of the re- 
source. An understanding of these problems of pricing and of pacing» 
technological development in a cartelized resource nerkerereaaices a 
careful analysis of the strategic interactions between the resource car- 
tel and the consuming nations. | 

Strategic pricing and research and development by consumers has. large- 
ly been neglected in the exhaustible resources literature. Notable exceptions 
are the recent papers by Gilbert and Goldman (1978), Hoel (1978), and Salant 
(1979) that examine a cartel's response fo ,the Earrweitet na of an exogen- 
ously developed Mackstop technology," available at a fixed price. Rac 
these papers do not consider whether immediate development of a substitute 
is feasible, or desirable when compared with a more gradual cel phos) 


program. 


aye 


This paper considers a bilateral monopoly in an international market 
for the resource. A cartel of producing nations is paenes to own all the 
known resources the consuming nations have the technical capability for 
deveivotne a substitute, which can then be produced at a constant marginal 
cost. The paper focuses on the optimal strategy for pricing and developing 
the exhaustible resource substitute and its effectiveness in controlling 
the market power of the resource cartel, Ina dynamic game between produ-~ 
cers and consumers, rhe eresaur ee extraction program and development time 
of the substitute are deccommnens 


The form of the game depends upon whether the strategic interaction 


is likely to be asymmetric, in that one side has an advantage of timing or _ 


other means of making credible commitments. In this paper we examine the 
case where consuming nations have a credible means of pre-commitment in 
choosing when to introduce the substitute. In essence, the government 
Odnites to provide consumers with the substitute at some future date and _ 
at a specified price. We assume, that as a practical matter, the agreement 
is legally binding, ree that the seis is made credible by the amount of 
government expenditure on development of the substitute. The resource car- 
tel, on the other hand, has no such device for pre-~commitment. A strategic 
advantage for the cartel could rity be achieved by making binding futures 
contracts for the sale of all or part of the stock rae resource, How- 
ever, since Sie agreements For the sale of a atone traded 
commodities are difficult to enforce, we assume that the cartel cannot 
credibly bind itself to following a particular supply athe The consum-~- 
ing nations, therefore, ae seem well equipped to play the role of 
Stackelberg leader, while the cartel responds passively to the former's 


strategy. The paper focuses on this model.° 
y 
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Our primary attention in this paper is given to the date, of intro~ 
duction of the substitute technology as a strategic instrument of consuming 
nations, The introduction date is depicted as a determinate function of 
R&D expenditure committed at the beginning of the planning horizon. The 
justification for this assumption is that the R&D activity is confined to 
development projects for which the technology is reasonably well understood; 
only the feasibility of the process at large scales of production remains 
to be tested, involving the construction of demonstration plants. Since 
capital costs predominate at this stage of development, the assumption that 
total research expenditure as committed at the initial planning date is not 
unreasonable.” 

The present value of research costs required for development of the 
technology decreases as the date of introduction is postponed. Given the 
eterna nate cost-time relationship, the amount.of investment committed 
signals te the cartel when the substitute will become available. The con- 
suming nations, acting as a Stackelberg leader, recognize the cartel's 
reaction to the timing of the substitute in choosing their development 
strategy. The cartel, on the other hand, has no choice but to take the 
introduction date of the substitute as given in choosing a profit maximiz- 
ing extraction path. 

The consumer -as-Stackelberg leader model is aeveoged in Section. 

In at least two important respects, the results run counter to conventional: 
scenarios which describe the impact of potential substitutes on resource 
markets. First, a basic tenet of policy discussion is,that substitutes 

for exhaustible energy resources are to he brought on line as soon as the 


price of the resource rises to the supply price of the substitute. In the 
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model presented here, an “"over-shooting™ equilibrium price path is obtained, 
in which the resource price is’ allowed to rise above the substitute supply 
price for some period of time before the substitute is introduced. At the 
time the substitute comes on line, price falls discontinuously to the back- 
stop supply price.” 

Second, an increase in R&D expenditure in order to hasten the intro- 
duction of the substitute may be undesirable. By committing themselves to 
a reduced development program, the consuming nations can induce the cartel 
to accelerate extraction of the resource, as well as reduce the present 
value cost of developing the substitute. 

Section 3 considers the possibility that the governments of consuming 
nations. may influence the purchase price for the substitute as a further 
means to control cartel-production. There, we identify instances where de- 


creasing (increasing) the substitute price by subsidizing (taxing) purchases 


of the substitute can favorably affect cartel production from the consumer's 


viewpoint. 
The final section summarizes the major findings of the paper and sug- 
gests some directions for further theoretical development of the underlying 


model. 


2. The Model with Consumers as Stackelberg Leaders 


Se caenanemnmeanalliammeannmetetaameeceraeenaneseeeennene atime ee 


To focus on the dynamic and strategic interactions between resource 
producers and consumers, a model is presented which abstracts from complex- 
ities such as uncertainties in the R&D process, in demand, and in the size 


of the resource stock. A producing cartel is assumed to own a finite amount 


a ee 
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of an exhaustible resource stock at t=0, S$(0), which can be extracted at 
zero cost. Collectively, consumers have Detewtinl access to a technology 
that can produce a perfect substitute at a constant marginal cost p. We 
assume. that the purchase price of the substitute is equal to p. This is 
relaxed in Section 3. Consumers are assumed to commit themselves to a 
research and development program at the beginning of the planning horizon 
that guarantees the availability of the backstop at a specified time T. 
The cartel acts passively, choosing a profit-maximizing path, subject to 


the consumer's choice of T. 


Let 
U{xty) = the utility or benefit function of consuming nations 
for flows of the resource x and/or the perfect sub- 
stitute y 
p(xty} = the corresponding inverse demand function 
R(x+y) = the corresponding revenue function 
p = the constant cost of production of the perfect substitute 
X= p(B) 
yi(T} = the present value cost (at time zero} of introducing 


the backstop at time T. 

The analysis is assisted by use of the following conventional assumptions 
on the benefit and demand Pee ies and on the development cost function 
“hear | 

Al: p'(xty) < 0 

Aat R (x+y) is strictly concave _ 

AB: U(xty) = PEM p(a)dz 

Ad: p< p(0)3, p/(xp'(x))< -1 


AS: d‘(T) <0; a"(T) > 0; y30. ° 


t= 


Assumptions Al-A3 require no comment. A4 implies, first, that the backstop 
technology will eventually be utilized. The second part of M4, that demand 
be at least unit elastic at the backstop supply price, insures that the 
cartel will supply the resource at prices below p if the initial stock of 
the resource is sufficiently large. AS determines the nature of the time- 
cost trade-off in the development activity, and the resulting (present 


value) development cost function is illustrated in Figure 1. 


2.2 The Cartel's Response Function 

The first problem to consider is the optimal response of the cartel 
to a given introduction time for the substitute. Let x(t/T) and S(t/T) 
by the cartel output and resource stock along an optimal output path which 
is contingent upon the substitute's introduction time T. Then, x(t/T) is 
the solution to: 
(7) maximize pre Trex (t)Jdt + et str} 

{x(t)d, .9 


subject to: s'x(t)dt < $(0) 
0 


where V(S(T))} is the maximized present value of the stock S(T) remaining 
at time T. 

The solutions to (7) for extreme values of T are well understood. In 
particular, when T = », the cartel is effectively unconstrained by the in- 
troduction to the substitute. The solution in this case is characterized 
by marginal revenue rising at rate r until extraction decreases to zero at 
the same instant that the resource is exhausted. When T = 0, the substi- 
tute is introduced the instant that the market price exceeds the supply 


price of the substitute. Gilbert and Goldman (1978), Hoel (1978), and 


rs 


Salant (1979) show that the solution requires that current marginal revenue 


rise at rate r until p is reached. Beyond that point, the cartel supplies 


the market demand at the substitute supply price, or just slightly below, 


until exhaustion of the stock.° Subsequent to exhaustion of conventional 


supplies, the backstop technology is utilized. 


The solution for intermediate values of T is characterized below. 


Proposition 2.1: Given Al, A2, A4 and AS, there exist times T 
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a eer) < T 


(a} x(t/T) = x{t/0); 


(b) T, is defined by x(T,/0) =X 


oe. FOr T ai < tT, 





(a) RR! avPpriroe. tt) < T: 


(b) x{(T/T) < x and p(T/T) > p; 


1? Pos and 


T, satisfying 0. <T, <T, < T, ¢ @ such that 


ea 


x(t/T) corresponds identically 
to optimal cartel output when 


the substitute is ready immediately. 


current marginal revenue rises 


at .rate FT prior .to.T. 


price rises above p prior 


to the substitute's introduction. 


fesee t/t) = x and p(t/T) = p for t > T-wntil S{t/T) =.0; 


cay 0 (x (tcT))/d? > 0 for t <.T; 


after the substitute is introduced, 
the cartel produces at the rate x 
until the reserves are exhausted. 
current cartel extraction increases 
with delays in the introduction 


time of the substitute. 


3. For tT, Sure qT. 


(a) RR er rors current marginal revenue rises 
: at rate r prior to T. 

(b) xCI/ Ties x, and (1; 6 op: "price rises above p prior to 
the substitute coming on line. 

(c) S(T/T) = Q; , | the cartel reserves are exhausted 
at the time the substitute is 
introduced. 

Cd) d(x(t/T))/dT < 0; | current cartel extraction decreases 
with delays in the introduction 
time of the substitute. ) 

4, For 1 oe 

(a) x(t/T) = elt; -x(t/T) corresponds identically to 
optimal cartel output when, the. 
substitute is never introduced. 


{(b} T. is defined by x (T./) = 0 
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The proof to Proposition 2.1 is relegated to Appendix 1. According to 
the proposition, the reaction of the cartel to the introduction of the sub- 
stitute depends upon the interval in which T is contained. Representative 
price paths for the possible responses are illustrated in Figures 2a-2c. 
The solid curves represent the price path that prevails while total demand 
is satisfied by the resource; the dotted line refers to production from 
the substitute. 

Par the interval Te aby changes in the time of introduction of 


~~ STH LGSGq : 
the backstop have no effect on the cartel, because optimal price paths for 


G4 


the cartel never reach the backstop price prior to T. According to part 2 
of the Proposition, for T « (T) .T,); the market price of the resource. (de- 
picted in Fig. 2b}, first rises above, and then fails discontinuously to 
the backstop price at the time when the Substitute is introduced. In this 
case, T is not long enough for the cartel to exhaust its stock before entry 
occurs. Thus, after T, the cartel continues to produce at x until its 
stock is exhausted. As T increases, the response of the cartel is to in- 
crease its ‘te of extraction. The rate of production is maximized at 
T=T,. 


For T >T., the introduction of the substitute is. sufficiently post- 


2? 
poned such that the resource is exhausted by T (see Fig. 2c). As in the 
preceding case, the market price rises above the backstop price prior to 
T. A delay in the introduction of the Bihstiture allows the cartel more 
time to exhaust the resource and thus decreases its rate of production. 


When T reaches T_, the cartel is effectively unconstrained by the threat 


3? 
of entry. 

The effect of T on the cartel's optimal pricing strategy in the in- 
itial period is illustrated in Figure 3. The Gilbert and Goldman (1978) 
and Hoel (1978) result that the initial price of the resource will be high- 
er when the technology is available immediately than in the effective 
absence of a competitive substitute (T x qT.) is obtained as a special g2a5 
of Proposition 2.1, Our extended analysis indicates the existence of a 
time - such that if the introduction date lies in the interval T ¢ (ota. 
the cartel reacts to the pending threat of entry by increasing the initial 


price from the unconstrained level. However, the direction of the price 


response reverses when the technology becomes available in the interval (T,T,). 


~-10- 


The entire price path faced by consumers shifts down from that path realized 
if no backstop were developed. At qT, the maximum initial extraction rate 


chosen by the cartel is attained. 


2.3 The Optimal Stackelberg Strategy for Consuming Nations 

Given the response by the cartel to research strategies indexed by T, 
the consuming nations choose the optimal date of introduction that maxi- 
mizes discounted consumer surplus, net of development costs. According 


to. Proposition 2.1, x(t/1) = x(t/0) for-all Ty2 Since the present 


i. 
value costs of research and development decrease with T, consumers will 


want to choose an introduction date T »T Moreover, development costs 


L" 
are assumed to be such that the cartel is effectively constrained by the 
consumer's choice of introduction date for the substitute (T < T,)- 


The optimal T is characterized as the solution to 


(9) Maximize W(T,y,p,S(0}) = maximize fle T* nex(e/T))dt 
Te(T, Te) Te(T, oT.) 


+e °N(X) - ¥d(T) 


p 8 


where N(x) = U(x) - p(x}x is the flow of consumer surplus generated by 

a stream of consumption x purchased at price p(x). The first two terms 

in (9} respectively represent the present value flow of surplus prior te 
and subsequent to the introduction date T. The third term is the present ” 
value cost of developing the substitute. The solution to the Stackelberg 


game is characterized in Proposition 2.2. 


Proposition 2.2: Given Al-A5, Y > 0, and assuming a unique interior 


solution to (9), denoted by T°, then T° satisfies 


2y 4 9 


(10) fe tty ar + eT N(RCT/T)) - N(X) yd" (T) = 0 
te) 


for T° >T,. and T # T 


1 2? 


or 


Wet) > 0, WT") <0 for T° = T,, where Wi 
and we are the left and right derivatives of W 


with respect to 7 
(11) dT*/dy > 0, (> 0 for T # ee 


Equation (10) of Proposition 2.2 follows directly from differentiation 
of (9) with respect to T. According to 2c and 2d of Proposition 2.1, all 
the terms on the left hand side of (10} are positive when T = Ty thus, Te 
always strictly exceeds this value. Thus, the case studied by Gilbert and 
Goldman (1978) and Hoel (1978) never represents an optimal strategy for 
consuming nations capable of behaving strategically with respect to the 
development of substitutes. Some delay is always preferable, in order to 
realize lower initial prices (see Fig. 3} at the expense of prices real- 
ized later rising above the backstop supply price. 

As the introduction date is postponed beyond Ty> the flow of surplus 
generated prior to the introduction of the backstop changes as described 
by the first term in (10). According to Proposition 2.1, this term is 


positive in the interval (T, 75) and negative beyond T Each instant 


2° 


the backstop is delayed beyond T,, there is a loss in consumer surplus 


Ae 
due to the market price exceeding the backstop supply price (see Fig. 2). 


This loss in surplus is captured by the second term in (10). Delaying in-~ 
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troduction decreases development costs for all T; thus, the third term 


is always negative. 


~j 2 


An interesting variant of the strategic problem is to consider the 
optimal strategy for consuming nations ee weAOs LOT development is costless 
Gne suber lente may be already available). It is still true that the solu- 
tion to (9), ee exceeds Th but now the consuming nations have no vehicle 
by which they can credibly commit themselves to an introduction date later 
than tT). If the cartel believed some announced research strategy T' > TY 
and followed its optimal extraction path x(t/T'), the consuming nations 
would introduce the backstop earlier than T', as soon as the market price 
exceeded the backstop supply price. Only os announced introduction date 
of Ty or aietter is credible to the cartel, and thus Ty is the only pos- 
sible "perfect"! equilibrium Oa the sense of Selton (1975))} to the game. 
Under Hie ae Eo criterion, the results SE Gilbert and Goldman (1978) 
and Hoel srs) are obeeined as a special case when the costs of research 
and develope? are zero. The consuming nations would be better off if 
they could winters some development expenditure, even wastefully, so as 
to ep ecoumte themselves ube introduction date after T,. This is an ex- 
ample of the benefits of strategic precommitment, which were investigated 
by Schelling (1960). 

Bealloning the parameter y to vary, we can capture the effect of 
changing development costs on the optimal introduction date T°. Equation 
(11) of Proposition 2.2 is obtained by totally differentiating the first 


order condition for T° in eq. 10. Note that when yt SG allie change in Y 


2? 
over a certain range has no effect on T°. According to (11), the more 
costly the development of the substitute, the longer is the optimal delay 


in its introduction. In particular, when development costs are low, con- 


suming nations may find it desirable to have the substitute technology — 


i 


available prior to its utilization, in order to place an early lid on the 
cartel's prices. For sufficiently high development costs, the introduction 
date coincides with the date of exhaustion of the resource; there is no de- 


lay in utilization of the substitute. 
3. Variations in the Substitute Price 


3.1 Cartel Response 

Cartel extraction may be influenced not only by T, but also by the 
price of the substitute. The response of the cartel to variations in the 
substitute price, denoted by we is examined in this section. Here, gov- 
ernment subsidies (taxes) on purchases of the cubaet ence are introduced 
so that p> may be less than (greater than) p. We assume that governments 
of consuming nations can credibly alter the market price of the substi-. 
tute, in order to affect desirable changes in cartel production, For 
example, the government might subsidize the consumption of.oil substi- 
tutes by paying part of the installation costs of solar energy units. 
The effect of these actions on the behavior of resource cartels has been 
ignored in most public policy discussion. 

To focus on the effects of prices, we assume that T is fixed, and that 
it has been determined by previous investment or technological constraints. 
Given T, the response of the cartel to variations in p> is characterized 


in Proposition 3 below. 


Proposition 3: Given the assumptions in Proposition 2.1, the resource 
cartel. responds to a small change inthe purchase price of a perfect sub- 
stitute to the resource, to be developed at some time T, as follows. There 


exists a time T e-(T,,T,) such that dx(t/T)/dp® 860s -,£0r qT, <.T.<.T and 
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toc To. aii dx (t/T)/dp° < 0 for T< Te< qT, and t < T. For T = T and T > Ty> 
the cartel is insensitive to small changes in ee At T = To a small in- 
crease in p> shifts the price path upwards; a decrease in p leaves the 
price path unchanged. 

The proof of Proposition 3 is relegated to Appendix 2. For T > T, the 
cartel stops extracting just before T so that small changes in p do not 
affect production. For T < qT, the cartel sells some of its stock at price 
p> after T, and hence changes in p do affect production. An increase in 


p causes the rate of extraction to increase when T is sufficiently small; 


; , ; : ‘Ss 
otherwise extraction decreases for increases inp. 


3.2 Choice of the Substitute Price 
We now envision that governments of consuming nations can-cause at 
least small deviations in the substitute purchase price from the supply 


price to affect cartel production. For a given T and Pp’, the discounted 


flow of consumer surplus is 


(12) W(T, yp »p’.s(0)) = fe 'n(x(t/Tat 
Oo 
+ NQx(p ert Ty-e77 41 + eve 2) - p-x (p”) J 
ig 


where Z is the date of exhaustion of the resource. The first term on the 
RHS of (12) represents the consumer surplus flow during (0,T). (Note that 

the dependence of x(t/T) on > is suppressed in (12)) During (T,Z) output 
denoted by x(p*) equals market demand at the substitute purchase price, wed 
and the resultant flow of surplus is given by the second term in-(12). The 
third term represents the flow of surplus after Z assuming that the.tax Be 
subsidy on the substitute remains after the cartel Stops producing. This 


assumption does not affect our results. 
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By differentiating (12) with respect to p> and evaluating it at 


S$ - F oe 
p =p we can examine the effect of smal] taxes or subsidies on consumer 


welfare. 
oe ts = Fe Ttntax(t/T) dt + Ntet Ti-e tT} ax p57 
ss a dps r s 
S - dp 
p =p 


Using Proposition 3, equation (13) can be signed as follows, 


on ove = 0 T > T53 Ts 7 
) dps oy eee!) for qualiaanl < Ue 
p =p = ; qT tay ae ia 
When T > T,; cartel output is unaffected by marginal price changes and 


(at least small) taxes or subsidies are not warranted. For T < T < T, 
the government can raise consumer welfare by subsidizing the substitute. 

A decrease in p° causes extraction to increase prior to and after T. When 
qT, < T < T variations in p> have opposing effects on output prior to and 
after T, so that the welfare effects cannot be signed in general. Examples 
can be constructed in which increases in p> may increase welfare cate the 
loss in surplus from reduced output after T is more than compensated by | 


: : : ; 10 
the increase in the cartel rate of extraction prior to T. 


4. Conclusion 

In this paper, the development and pricing of the backstop technology) : 
has been endogenized into the conventional exhaustible resource model. The 
Market for the resource/substitute commodity mimics the “OPEC vs. the West" 
structure in that the cartel owner of the resource sells to a group of na=° 
tions Having the potential to develop a substitute to the exhaustible 


resource. In the case examined here the consumers are able to precommit: 
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themselves to ‘their strategy through the expenditure on the development of 
the substitute; the cartel, at best, determines its extraction path, given 
the development strategy. 

The introduction date of the backstop technology has been shown to 
always occur after the resource price reaches the backstop supply or pur- 
chase price, when development of the substitute is costly. This suggests 
that attempting to time the development of new energy technologies, such 
as solar or synfuels, so as to introduce them when the price of convention- ' 
al resources reaches their production cost, may not be an optimal strategy. 
The case commonly examined in the literature in which the technology is 
already evade a conn nents to the Stackelberg case when development 
costs are zero. In such a case, the backstop technology is introduced 
the instant at which the price reaches p. 

The Stackelberg model generalizes upon the previous papers examining 
a cartel's reaction to a backstop technology by considering the cartel's 
BE paper eee for delayed introduction dates. In the case of an ex- 
ogenously developed technology, the cartel owner increases the initial 
prices above the level it would set if unconstrained by potential entry 
(Gilbert and Goldman (1978), Hoel (1978), and eeiont {1979}}. In the 
_ general case a date is hown to exist such that the cartel lowers its 
initial prices from the unconstrained level in response to the intro- 
duetben of a substitute after that date. 

“The Latter result can be interpreted in another way. As introduction 


of thessubstitute is delayed between the times T, and Tys the cartel sets 


1 


lower initial prices; delays beyond Ty, cause the rate of extraction to be- 


come more conservative. Thus, up to time t, the consuming nations benefit 
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from an increase in surplus due to lower initial prices as well as the 
deferral in development costs. This indicates an intersting comparison 
with the case of a private R&D market, at least where one firm chooses 
the introduction date for the substitute, unthreatened by pre-emptive 
competition for the patent. Since the benefits of lower prices that ac- 
crue to consumers from delaying the technology are not appropriated by a 
private researcher, the individual's choice of introduction date may pre- 
cede that chosen optimally by consumers. Such a result would run counter 
to that recently demonstrated for a non-exhaustible commodity by Dasgupta 
and Stiglitz (1981). 

The date at which the consuming nations innovate has been shown to 
vary directly with development costs. If the costs of development are 
sufficiently small, then introduction of the technology may occur prior 
2 ats Utilization (1.e., ire (T,.7,))- Such a strategy is optimal for 
low research costs since an early lid is placed on cartel prices, even 
though the technology remains idle over some interval. For large develop- 
ment costs the technology may not be introduced until the resource is depleted. 

Possibilities for varying the purchase price of the substitute were 
examined in section 3. A complete analysis would involve consuming coun- 
tries choosing T and 2° Simultaneously to affect cartel production. Un- 
fortunately, we are not able to obtain saniany analytical results for this 
moder! However, the partial analysis in sections 2 and 3 has some implica-- 
tions for the development and pricing of resource substitutes. Propositions 
2.2 and 3 suggest that the artificial pricing of the substitute is only im- 
portant if the costs of development are small enough so that re T. ip 


development costs are moderate so that Tc (T,T,) then dropping the price 


tae 


of the substitute causes the cartel to extract more rapidly which bene- 
fits consumers. For small development costs such that T < T, consumers 
may benefit by raising the substitute price. 

These conclusions about development and pricing policy require some 
qualification. First, they depend on the assumption that consuming na- 
tions can bind themselves to following long run policies as a means to 
influence cartel behaviour. The validity of this assumption is yet to. 
be determined. 

Another restrictive feature of our model is the open loop nature of 
the game ; the decisions of both cartel and consuming nations are made at 
the beginning of the planning period. An important extension of this paper 
would be to allow R&D expenditures to be committed as a flow over the plan- 
ning period, in a closed loop differential game, where the cartel is also 
able to revise its extraction plans based on the current state of technol-.... 
ogy in substitutes. 

Third, our model abstracts from certain real world complexities. 
Perhaps the most important, one is the uncertainty involved in finding 
a viable resource substitute. The incorporation of technological uncer- 
tainty in our analysis would be a difficult but interesting extension. 

A final extension would be to make the supply price of the substi- 
tute endogenous . Thus , consuming nations may in fact be able to trade 
ft. an earlier introduction date against a higher production cost, and. 
vice versa, for the same commitment of R&D expenditure, Section 3 pro- 
vides a clue as to the results of such a model, in that raising the back- 
stop supply price and delaying the introduction of the substitute have 
Similar effects on the cartel's extraction policy, In both cases, ,the car-..... 
tel may initially extract more rapidly, if the introduction of the sub- 


stitute is sufficiently early. 


10. 


Footnotes 
After this paper was completed, we learned that with the exception of 
Section 3, most of the results reported in this paper have been inde~ 
pendently derived by Dasgupta, Gilbert and Stiglitz (1981). 
During the Carter Administration, the Energy Security Corporation was 
set up to speed the development of synfuels, solar energy, and other 
oil substitutes. (See the Economic: Report of the President (1980), 
pp. 112-116.) The Program has been dissolved under the Reagan 
Administration. 
Non-economic methods for the cartel to effect the introduction of the 
substitutes are ruled out. 
The eatysi= of other game theoretic situations where the cartel can 
partially commit itself to future supply decisions is contained in 
Lewis (1981). 
For example, the capital costs of a 50,000 bbl/day demonstration 
plant for the coal liquefaction process is approximately $1.7 bil- 
lion; operating costs are $240 million/yr. (Ralph Sie (1978)). 
This behaviour of the price path was recognized by Dasgupta, Gilbert 
and Stiglitz (1981). 
This follows the characterization of the research and development 
costs contained in Dasgupta, Gilbert and Stiglitz (1981). 
Implicit in the analysis is the assumption that the cartel cannot 
price discriminate)or. threaten not to supply the resource for, cer~ 
tain time periods in order to earn high profits. 
This is true,provided that the steck is sufficiently. large. (See 
Appendix 1)... | 
When T= T,; x(t/T) is,not differentiable with respect to T. 
Consider this discrete time example. Assume that the demand curve 


is p(xty) = 1000-(x+y). Then consumer surplus is (x+y) 7/2. Suppose 


the substitute becomes available at the beginning of the second time period, 
and that the cartel optimally exhausts after two periods. Proceeding as in 
the derivation of (13), we can show that the effect on consumer surplus of 


a small tax applied to the substitute is given by 


Wy op C1/29) dx /2) ssocBxtp)axKp’) mi (Ba «(oe delpD 
dp Ss is Ss 
bus sf dp dp dp 
p =p 


where B =. 1/(1+r) is the discount factor, and x (1/2) is the output in per- 
iod one given that the substitute is ready at the beginning of period two. 
Note that Y = 0 in period 2. Since the cartel only produces for two time 

periods, dx(1/2)dp> = -dx(p°)/dp°. This is used to obtain the last equal- 


ity in the equation above. 


Suppose p = 850, the cartel's initial stock is 275, and B = .9. The 
cartel neem ee present value profits by selling 125 units in period Vy 
and the entire market demand, 150 units, at ee substitute supply price of 
850 in period two as summarized in the table below. For this case, the 
equation Above rindTonees dW/dp> = [ (eo) (150) a lesa dx (p>) /dp° Ags: 

Here consumers benefit by a substitute price subsidy. drop in p> 
causes output and consumer surplus to bogie initially, but this is 


more than offset by production and surplus increases in subsequent periods. 


Freriod Sie Ph Period 2 
Output eb 25 Ma Pee eee $ 150 
Price pee 57 4 Pri cenity DEVOTY BBOr9 
Marginal Discounted Price 765 


Revenue 730 
; ‘Discounted Mar- © 
ginal Revenue 630 


Appendix 1 


Proof of Proposition Dowd 


Assume that the substitute comes on line at some time T 20. Given 
an introduction date T, the cartel chooses an output path x(t/T}, and 
amount of resource to extract beyond T, S(T/T), to 


(Al) maximize fs R(x(t)je dt + e * ‘V(S(T)) 
{x(t)} 90 


subject to S(O) <us x(tj}dt-+ S(T) 
0 
where 


({A2} T\e V(S(T}) = maximize = a BiRioiilegs So ide 
eo G ee 


subject to S(T) = s” x(t)}dt 
T 
and x(t) >x 
The last restriction in (A2)}) follows because it is optimal for the cartel, 
to produce the entire output while it still has reserves. 


Consider the preblem in (A2} first. The solution to this control 


problem yields, 


(A3) > R'(x(t/T)}i- A < 0 fe Gixi> x) 
(A4) regis alia ae 
{A5)} lim Pi ity PREx(t/T) - Ax(t/T)}] = 0 

toZ 


Since x(t/T) is bounded away from zero and S(T/T)} is finite, (Zo) 
must also be finite. Hence, the bracketed term in (A5) is zero. This 
implies that 4(Z) = p(Z) = p by (A3), and the output path is ‘given by 
(A6) * -x(t/T) = max CR’ Tae TTY) 9 


where A(T) = eee bar) 


A2 


The resource constraint and (A6) implies that 
Li 3% z 
(A7) Z max CR’ ~(a(t)),xJdt = S(T/T) 
4 


Changing the variable of integration from t to A and noting that ,=rA, 


(A7) may be rewritten as 


3 “eh 
(A8) f max BO) Ey = scr 


A(T) 
Two things are apparent from (A8). First, A(T) must be decreasing with 
respect to S(T/T). Second, there exists a maximum stock level, S, such. 
that if S(T/T) < S, the rate of extraction beyond T equals x for S(T/T) > S, 
output exceeds x for a while, then eventually declines to xX as t approaches 
Z. S(O) is assumed to exceed § throughout the analysis. 
To determine the behaviour of the output path prior to T, the solu- 


tion to the control problem in (Al) is required: 


(A9) RUE ATR Se On (= if x >0) 


(A10) w= Ty 
(Al1) u(T) > V'(S(T/T)) (2°Ee SUT/T¥ ($90) 


where V'(S(T/T}} is the shadow price of the resource, A(T), once the sub- 
stitute is introduced. The proof of the proposition is divided into four 


parts corresponding to the four sections of the proposition. 





The, extreme case of T = 0 has been investigated by Gilbert and Gold- 
man (1978), Hoel (1978), and Salant (1979). They show that if S(0) ey 
x(t/0) initially exceeds x. At some time, Ty the resource price reaches 
the backstop supply price and the resource is extracted at a constant 


rate x until exhaustion. qT, is chosen optimally if 


A3 


(A12) Ri(x) = pe? 27y) 


Now consider the case when 0 <T <T First notice that the path 


i. 
x(t/0) is optimal for all paths x(t) satisfying x(t) 2x for all t until 
the stock is exhausted. Then if x(t/T) # x(t/0) it follows that x(t/T) < x 
for some t S$ T. By (AS) and (Al10) x(t/T) is monotonically declining so 
that x(T/T) < x. Let A(t/T) be the shadow price of the resource at t for 
an introduction date T. Then since x(t/T) lies below x(t/0) it follows 
that S(T/T) > S(T/0) > 0. Hence, R'(x(T/T})} = u(T) = ACT/T) by (Al1) and 
A(T/T) > (T/0) since x(T/T) < x(T/0).. But S(T/T) > S(T/0) implies (T/T) 
< X(T/0) by (A8) thus providing a contradiction. This completes the proof 


to part 1 of Proposition 2.1 


> 
> SY qT) 





Suppose at the introduction date, T > T,, x(T/T) > x. Then, 
R'(x(T/T)) < R'(x) or according to (A9), u(T) « A(T,/0). Since T > Ts 
less of the resource is remaining at T if x(T/T) > x and 4 (T/T) > d(T, /0) > 1 (T) 


which violates (All). Hence, x(T/T) < x and output falls below x and price 


rises above p prior to T, proving parts 2b and 3b of the proposition. 


fi 
fA} T 2, = 5 
Immediately after T, output, denoted by x (T/T), must satisfy x" (T/T) > Ki 


Suppose x (T/T) > x. From (A6}, R' (x (T/T)) = ,(T}. Then 


(A13) u(T) = R'(x(T/T)) > R'(K (T/T) = A(T) 


(A13} implies that S(T/T) 0 from (All). Assuming some of the resource 


remains beyond T, x" (T/T) = x as long as the cartel produces. This proves 


part 2c of the proposition. 


A4 


‘ 


Part 2d is proved below. Assuming S(T/T) > 0, (A6) implies that 


(A14) ATs =p 072 rT), 

and 

(A15) S(T/T) = S(0) - so x(t/T)dt 
0 


tf 


S(0) - i RET ge eer) dt 
0 


by (A2). ‘Differentiating (AlS) totally with respect to T and using (A15) 


yields, 


eT Tt), cry at] 


x {x(T/TY =or os grt ¢ 
0 
Sx 


(A16) dS(T/T) 
li srit-t) 


cx~ 2! arty 1(T))dt] 


0 


since x(T/T) < x. From (A6) and (Al6) it follows that 


{A117} dx(t/T) = rRicter? (T-t), py 1) , dS (T/T) 15 ee 
dT dT . 
which completes the proof of part 2 of the proposition. 


(B}..:T, <1 < T 


2 3 


Since dS(T/T)/dT is negative and bounded away from zero by (Al16) it. 
follows that there is a time sy such that. Uli) ) =O for T. 2 T,. The car- 
tel output for T > 0 is given by 


(A18) ECE TIER Te (eres ny. 
Therefore, the following holds for T % Tos 


Gevalia ia ee te SUC os le 
0 


Differentiating (A19) with respect to T yields 


(A12)} R(x} = pe 


Now consider the case when 0 <T Sr 


-r(Z-T,) 


A3 


1: First notice that the path 


x(t/0) is optimal for all paths x(t) satisfying x(t) 2x for all t until 


the stock is exhausted. Then if x(t/T) #4 x(t/0) it follows that x(t/T) < x 


for some t S$ T. By (AS) and (A10) x(t/T) is monotonically declining so 


that x(T/T) < x. Let A(t/T) be the shadow price of the resource at t for 


an introduction date T. Then since x{t/T) lies below x(t/0} it follows 


that S(T/T) > S(T/0) > 0. -Hence, R'(x(T/T))} = u(T) = \ (T/T) by (All) and 


A(T/T) > (1/0) since x(T/T) < x(T/0). But S(T/T) > S(T/0) implies (T/T) 


< X4(T/0) by (A8) thus providing a contradiction. This completes the proof 


to part 1 of Proposition 2.1 


> 
Sisk qT 





Suppose at the introduction date, T > 1: x(T/T} &-x: Then, 


R'(x(T/T)) < R'(x) or according to (A9), u(T) « A(T,/0). Since T > T 


ses 


less of the resource is remaining at T if x(T/T) ee and } (T/T) > d(T, /0) > wu (T) 


which violates (All). Hence, x(T/T) < x and output falls below x and price 


rises above p prior to.T, proving parts 2b and 3b of the proposition. 


ie ee 


Immediately after T, output, denoted by x Chey), must satisfy x” (T/T) > oe 


Suppose x’ (T/T) > x. From (A6), R'(x (T/T)) = A(T). Then 


(A13) u(T) = R'(X(T/T)) > RIG C/T) FAY) 


(A13) implies that S(T/T) 
remains beyond T, x" (T/T) 


part 2c of the proposition. 


0 from (All). . Assuming some of the resource 


x as long as the cartel produces. This proves 


A4 


Part 2d is proved below. Assuming S(T/T) > 0, (A6) implies. that 


(A14) nCD)s =r eT SLIT) (XS 

and C 

(A1S) S(T/T). = S(0) = st x(t/T)dt 
0 


it 


S(O) if Rt fe eee rade 
0 


by (A2). Differentiating (Al15) totally with respect to T and using (A15) 


yields, 


x [x(t/?) =x 7) git et TO), cry jae] 
(Al6). dS(T/T) 0 
Bah Lali 





[x= rsh ate tit) 


x(T) dt] 
4 . 


since x(T/T) < x. From (A6) and (Al6) it follows that 


which completes the proof of part 2 of the proposition. 


(B)oiTg nT & Fy! 


2 3 


Since dS(T/T)/dT is negative and bounded’ away from zero by (Al6) “it’>.7 


2 SG 
tel output for T >» 0 is given by 


follows that there is a time T. such that S(T/T) = 0 for T > T,. The cam 


(Mey AT RE cre 
Therefore, the following holds for T x Ty, 


(Al9) S(O) = fro rd Lent ny cry dda: 
0 


Differentiating (A19) with respect coo. yields 


AS 
(A20) xI/Tye - ea eT Tt) cryq at 
0 


If x(T/T) > 0 then (A20) implies that the bracketed term in the integral 
is positive. Using this information, the derivative of x(t/T) with res- 


pect to T can be characterized by, 
(A21) dx(t/T)/dT < 0 LES x(TLT)° S70 


This completes the proof of parts 3c and 3d of the proposition. 


(Cc) T>T, 
In this time interval the cartel is effectively unconstrained by entry. 
Gilbert and Goldman (1978) show that in this case, the cartel takes less 
time to extract a certain amount of the resource S$(0) - S$ than when con- 
strained by entry at T = 0. Thus, the initial rate of extraction is 


higher in the unconstrained than in the constrained case. The proof 


is not repeated here. 


Appendix 2 
Proof of Proposition 3 
Along an equilibrium path for T ¢€ (T,>T,), 
(BI) R'(x(T/T)) = A(T) 
where R' is the marginal revenue and 


Sons 
(B2) A(T) = peo oeP) - S)/x 


where S is the amount of resource extracted prior to T. From (Bl); 0 





(B3) dx (T/T) = pu-i da(T) 
S S 
dp dp 


Differentiating (B2) with respect to p> gives 


nia ' 
ae on 7 MTC, : Fe) (50) ~. rt 
dp ul eee xe dp 


where ¢(X} is the price elasticity of demand evaluated at x. 


The resource constraint is given by 


(BS) Stay) Rt Cle eee ee 
0 


Differentiating (B5) with respect to p> gives 





(B6) ds Serre + co (s(o) - 8) ¢ Trach oT (Tt) a4 
ae 
dp < st rh (iar Poge ee (T-t) 4, 


6 


Substituting (B6) into (B4), 

S 
ii ~ 
(B7) dy (T) gs Cie cane Wee) ge, 
ae 
d oy Hard ay ym 
p eo. 5) (T) pire ve rT at 
0 


Finally, substituting (B7) into (B3), 


B2 


(1 + re(x°) (S(O) -)§)) 











(B8) dx(T/T) _ punt x°y(T) xs 

Ss s 

me P Gee ax ere TOP as 
0 
Ss 
Therefore ext) Gi ohhas(2 (i) « nee } (s(0) - 8) 20 
dp - x 
or 
(B9) S 2 S(0) + 
ee(x-) 
To determine the Sign of (B9), the expression for S at T = T, and T = tT, 
are determined. Consider T = Ty first. The expression in (B2) can be 
rewritten as 
ae S 
(B10) ae xo ne Bre ce) - S)/x 
e(x>) 
or 
=: 
A aoe BOS Yt ee 2) 
(Bll) © S(T,) = S(0) + 6 (x) 
r 
Since e(x*) < -1 by assumption (A4}, log (1 + 1 Pee and by (B9) 
8} €(x>)} 
(B12) ety esis x 
1 
re (x>) 


Now consider T = T,. At Tos S(T} = §(0) implying by (B9), 





(B13) S(T,) >S(0) + xs 
re (x5) 


“a 


Since = 0 in the interval (T,.T,) according to (A16) in Appendix 1, 


there exists a T such that 


") ae 
re (x5) 


(B14) S®) 


B39 


dx (T/T) 


ForeT:s.T, Z 
dp 


> < - 
<0; ates € (T, .T,)- 


At T= T., the right hand derivative of x(t/T) with respect to p> 


ws 

; P , : : : s 

is given by the expression in (B8). From (B13), an increase in p” de- 
: : ; Ss 

creases the rate of extraction prior to T,- A small decrease inp , 


however, changes the transversality condition evaluated at Ts co 
(BIS)? OR GErfTy) 


and therefore, does not affect the cartel's extraction path. Similarly, 


for T > T,, the cartel's extraction policy is insensitive to changes in 


22 
? Since the condition in (B15) is preserved. This completes the proof 


of Proposition 3. 
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Cartel Reaction Function: p(0/T) 
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